INTRODUCTION
Microbiological attack or microbiological influenced corrosion (MIC) of concrete in cooling towers was identified as a frequent problem facing the geothermal industry in the FY 98 Survey of O&M-Related Materials Needs (Allan, 1998) . Respondents suggested that research should address protection of concrete (including coatings resistant to biocorrosion) and biocides for controlling this problem. The need for solutions to MIC of concrete, repair of structures already damaged by this form of deterioration and better protective coatings was also raised at the Energy Conversion Strategic Planning Meeting held in August 1998. MIC of concrete is typically induced by sulphur oxidizing, vitrifying, iron or heterotrophic bacteria. In the case of cooling water, sulphur oxidizing and vitrifying bacteria are probably of greatest concern. Sulphur oxidizing bacteria such as Thiobacillus thiooxidans and Thiobacillus ferrooxidans produce sulphuric acid which is aggressive towards concrete. Nitrifyingbacteria (e.g., Nitrosomonas and Nitrobacter) can act to cause nitric acid degradation of concrete. As a result of acid attack, concrete loses its functionality and structural integrity may be compromised, particularly if corrosion of steel eventuates.
It is common to use biocides in the cooling water to control the growth of bacteria. However, this may not address the problem of attack in the vapcmr zone unless biocides are directly applied to surfaces in such zones. Also, corrective maintenance is still necessary if extensive deterioration has occurred. Coatings have been used with mixed success to date. If selected and used effectively, coatings offer potential benefit in reducing the total reliance on biocides.
Sulphur oxidizing bacteria are aerobic and autotrophic. A variety of oxidaticm reactions can occur due to Thiobacilli and these are summarized by Vic[ela (1996) . Acidification of the environment by these bacteria results in corrosion of concrete. Sulphuric acid causes both sulphate and acid attack (Bicz6k, 1972) . In general terms, sulphate ions react with free calcium hydroxide to produce hydrated calcium sulphate (gypsum). The calcium sulphate in turn reacts with tricalcium aluminate hydrate to form calcium sulphoaluminate.
Expansion associated with these reactions results in cracking and eventual disintegration of concrete. Sulphuric acid causes additional degradation by attacking calcium hydroxide and calcium silicate hydrates in concrete.
A common example of MIC of concrete occurs in sewer pipes. Production ofsulphuric acid on exposed surfaces in the sewer air space (crown) by sulphur oxidizing bacteria leads to softening and removal of cement paste. Degradation of concrete has also been attributed to MIC in other situations including outlet tunnels for artificial lakes (Thornton, 1978) and water storage tanks (Coleman and Gaudet, 1993) . Concern has also been expressed about potential MIC of cementsolidified low level radioactive waste (Rogers~, 1993; . Hamilton @aJ.
( 1!~96)conducted a survey of possible MIC in civil engineering structures.
MIC involving sulphur oxidizing bacteria involves a progression of different species according to pH conditions (Thornton, 1978) . Initially, new concrete is highly alkaline and this prevents growth of bacteria. Once carbonation of the surface occurs the pH decreases and certain bacteria can become established. These bacteria fhrther reduce pH, thereby enabling other bacteria tolerant to more acidic environments to flourish. Systematic reduction ofpH occurs with each new species.
Nitrosomonas oxidizes ammonia to nitrate and the presence of ammonia in cooling water stimulates its growth. (Herro and Port, 1993) . Nitrobacter c)xiclizes nitrite to nitrate. Both of these vitrifying bacteria are capable of causing nitric acid degradation of concrete. Nitric acid reacts with calcium hydroxide to produce soluble calcium nitrate. According to Biczok (1972) , even dilute nitric acid results in extensive deterioration.
Heterotrophic bacteria produce organic acids. Such acids can also attack concrete. These bacteria are tolerant of alkaline conditions (Rogers Q, 1993) . Sulphate reducing bacteria are not regarded as being deleterious to concrete, although the hydrogen sulphide produced may cause corrosion of reinforcement (Biczok, 1972) . Iron bacteria oxidize ferrous iron to fenic iron. A case of deterioration of concrete due to carbon dioxide produced by iron bacteria wa~sdescribed by Biczok (1972) .
Prevention of MIC in sewer pipes includes control hydrogen sulphide concentration in the headspace by chemical treatment or spraying the crown with magnesium hydroxide to neutralize the acid generated by bacteria (Sydney et al., 1996) and use of acid-resistant concrete or protective liners. Hall (1989) reported that acid-proof potassium silicate concrete and an epoxy coating were successful in resisting MIC due to sulphur oxidizing bacteria. Dlaczko Q ( 1997) investigated use of admixtures in concrete for construction of sewer pipes and fclund that silica fume and an organic inhibitor reduced mass loss after 100 days of exposure to sulphuric acid. However, more long term data or field service would be useful in quantifying the efficacy of these concrete admixtures. Calcium aluminate cement mortars have been reported to prov ide resistance to sullphur oxidizing bacteria and are used as liners to protect concrete in sewers (Scrivener et al., 19!39; Sand~, 1994) .
MIC of concrete in geothermal cooling towers had been described by Baccm @J. (1995) , Corrosion was observed in the vapour zone of the Ohaaki natural draft tower. Both sulphur oxidizing and vitrifying bacteria were implicated. The concrete contained sulphate resistant cement and a pozzolanic material. Reduction of surface pH to 2 and corrosion up to a depth of 20 mm over six months occurred. Treatment of cooling water with biocides did not control corrosion above the water line and it was therefore necessary to install a spray gun to apply biocides directly to the vapour zone surfaces. Use of an epoxy coating was rejected due to costs associated with production losses. Clevinger ( 1992) reported on problems of excessive nitrite and nitrate levels in cooling tower water. This was attributed to microbiological oxidation of ammonia which was present in geothermal condensate used as make-up water. The subsequent decrease in pH results in corrosion of metals. The possibility of oxidation of hydrogen sulphide in the make-up water by Thiobacilli was also raised. Microbiological fouling of cooling tower packi:ng was prevalent. Various biocides and application modes were tested for control ofnitrifying bacteria. Carbamate was found to be the most successful in reducing nitrite levels, although its effectiveness decreased with time. Halogen type biocides were found to be suitable for controlling nitrate levels, but not nitrites.
Microbiological attack of wooden components of coaling towers of geothermal power plants in the Philippines was mentioned by Gazo and Datuin (1990) . Calcium hypochlorite was used as a biocide and alternatives were implemented when this was ineffective. Biocides were calculated as accounting for 17.6% of the water treatment costs. This was equivalent to $0.067/kWh.
Besides MIC, there are other forms of concrete deterioration that may be of concern in cooling towers. For example, concrete is prone to attack by low pH (< 6) or soft waters. Hence, the cooling water chemistry needs to be considered and it may be necessary to treat the water to control aggressiveness towards concrete.
Excessive leaching of calcium hydroxide will occur when concrete is exposed to soft water and the integrity will eventually be compromised. Concrete consisting of ordinary Portland cement and calcareous aggregates at the Larderello geothermal power plant was found to have inadequate durability (Ellis and Anliker, 198 1) . Deterioration was attributed to low pH geothermal fluids and atmospheric HZS. Performance was improved by using pozzolanic and slag cements and siliceous aggregates combined with low water/cement ratio and proper curing times. With regard to the latter, a period of one month was recommended for basin bottoms and walls below the water level and a minimum of two months for tunnel vaults.
The overall objective of this project is to evaluate strategies and materials for repair and prevention of microbiological attack of concrete in cooling towers in geothermal power plants and thereby extend service life. This report describes the results of laboratory tests performed on several different coatings and mortars to determine resistance to one species of sulphur oxidizing bacteria (Thiobacillus~errooxidans) and to characterize other properties such as adhesion. Future work will examine the response of the most promising systems to vitrifying and heterotrophic bacteria, test these systems under field conditions and explore the use of silica fume-modified concrete in mitigating the effects of MIC.
EXPERIMENTAL

Materials
A variety of coatings and repair mortars were applied to concrete substrates and tested for bond strength and resistance to Thiobacillus ferrooxidans and sulphuric acid. The concrete mix design for the experimental research was similar to that used in a cooling tower of i:nterest that had been experiencing MIC. Type V (sulphate resistant) cement was used to replicate that specified on the particular structure. The silica sand used conformed to ASTM C 33 and the coarse aggregate was siliceous stone with a nominal maximum size of 9.5 mm. 130th the fine and coi~rse aggregates were dried.
Sodium naphthalene sulphonate superplasticizer was used to improve concrete workability. The target water/cement ratio was 0.40 and the target cement content was 350 kg/m3. Several trial mixes were prepared to determine appropriate fine and coarse aggregate proportions for a medium slump concrete. The mix proportions different concrete mixes are presented in Table  1 . The concrete with the mix designation of MCIII was used in the coating studies. The concrete was cast into different specimens depending on the ultimate purpose. Compressive strength cylinders, 102 mm diameter and 204 mm high, were produced. Eight cylinders per batch of concrete were cast. Beams, 76 mm x 104 mm x 406 mm, were cast for coating/mortar adhesion and acid exposure tests. Mix MCIII was used for all beams. Panels of MCIII were cast for testing the coating/mortar resistance tcj T.fevooxidans.
The panels were 50 mm x 50 mm x 204 mm.
There are a vast number of epoxy coatings and concrete repair products on the market. The scope and time frame of this project limited the number of materials that could be tested. The materials selected for evaluation were a two-component 50% solids low viscosity epoxy sealer, (Masterseal GP, Master Builders), two two-component 100% solids epoxy coatings (Sikagard 62, Sika; Amercoat 351, Ameron), a two-component 66% solids epoxy coating (Amercoat 385, Ameron), a three-component water-based epoxy-modified cementitious mortar (Sikagard 75 EpoCem, Sika) and a latex-modified mortar that was formulated in-house. The epoxy mortar was tested because Unocal was planning to use it in restoration of cooling towers at the Gunung Salak site in Indonesia.
The latex-modified mortar comprised of Type I Portland cement, silica sand conforming to ASTM C 33, water and styrene butadiene copolymer latex with a solids content of 42?40(Tylac 68014-00, Reichold Chemicals).
The mix proportions of the mortar were 1 part cement, 3 parts sand, 0.3 parts latex and 0.262 parts water by mass. Prior to application of the mortar, a slurry coat of cement and latex was painted on the surface. The slurry bond coat consisted of 1 part cement to 0.45 parts latex by mass.
All concrete specimens were cured in saturated lime water for 28 days and allowed to dry in air for 14 days. The specimens were then lightly sand blasted to remove laitance. The coatings and mortars were applied in accordance with manufacturer's s pacifications. Table 2 summarizes the surface preparation and condition, number of coats, and application method used for the different coatings and mortars in this project. The coatings were applied by brush since the specimens were relatively small. Other possible application methods are noted in the table. Further details are available in the product data sheets. 
Latex-modified
Sand blast, saturated surface dry Brush cement-latex slurry. Crc~ss-hatch slurry. mortar substrate.
Apply mortar with trowel before slurry coat has dried. Protect from drying for 3 days.
upuAy Guduq+ wits mm>ulw IIUH-UC>U ubuvcly using d ruslwuwl luu-C 1 ultrasonic thickness gauge. A minimum of 20 readings were taken per face of leach specimen. '1'hickness of the two mortars was measured destructively.
Holiday Tests
The epoxy coatings were tested for holidays (flaws) using an Elcometer 136 DC Portable UA1; A.T,~e~ec~oro Tha to.+ .rnl+nma ..roo oat r.,.nnd;mti +.. +La ---+;--
Wcre performed in accordance withNACERPO188-90.
Bond Strength
Bond strengths of the coatings and mortars to the concrete substrate were measured using a DynaZ15 pull-off tester. The materials were allowed to cure for 14 days prior to testing. The method used is given in ASTM D 4541, A 50 mm diameter aluminium dolly was glued to the coating/mortar surface at the desired location using 3M Scotch-Weld DP-100 epoxy adhesive. A tensile load was applied normal to the substrate at a constant rate. The failure loacl was measured and the bond strength calculated. The form of failure was noted (i.e., adhesive, cohesive, mixed). Six tests were performed per face of the concrete beams. For each material, two to fbur beams were tested. Figure 1 shows the adhesion testing equipment. 
Acid Resistance
The resistance of the coatings and mortars to sulphuric acid was evaluated. The tests were an aggressive simulation of exposure to acid produced by sulphur oxidizing bacteria. Thus, the results are not necessarily indicative of field performance. However, they can be used to rank the different materials. Lengths of 50 mm diameter PVC pipe were glued to the surface of coated beams to form test cells. The cells were filled with HzSOq with a pH of 1.0. Each beam had five cells. The coated beams were exposed for 60 days and were observed for any visual indications of deterioration. At the end of the exposure period bond strength tests were performed where possible. Uncoated concrete was tested for comparison.
Resistance to T. ferrooxidans
Coated and uncoated concrete panels were used to assess the resistance to sullphur oxidizing bacteria. Thepaels weretested ina Atlas cell mangement asdescribed in ASTIUC 868. This particular method was developed for testing liners on vessels. Both immersion and vapour zones exist in the cell, It is especially useful for evaluating coatings on steel substrates because it reproduces the cold wall effect due to the temperature gradient from the internal exposed surface to the external bare surface. The thermal gradient induces water vapour transmission through the coating and blister may eventuate at the coating/substrate interface if the substrate is less permeable than the coating. In the case of a concrete substrate it is likely that the concrete has higher permeability than the coating and that this mechanism may not operate. However, the Atlas cell is a convenient way of testing coated concrete.
Coated panels were clamped against a horizontally-oriented open-ended cylinder with a diameter of 152 mm. Neoprene gaskets were placed between the glass and panel to provide a seal. The glass cylinder had ports for a thermometer, immersion heater, air bubbler and reflux condenser. Three Atlas cells were used simultaneously. Each was filled with 1.21 of T,ferroo~cidans medium described below. The medium temperature was maintained at 40C'Cas this represented a typical value to which the coatings would be exposed. The temperature of the external concrete surface was 30.4°C . Two replicate panels were tested per coating/mortar in addition to the uncoated concrete. The test duration was 60 days. At the conclusion of the tests the panels were examined for deterioration. Figure 2 is a photograph of the Atlas cell arrangement.
The nutrient for the T.ferrooxidans bacteria was prepared from two parts. Part A consisted of 0.4 g (NHJ2S00, 0.2 g KH2P04, 0.08 g MgS04.7H20 and 400 ml clistilled water. Part B consisted of 22.11 g FeS01.7H20, 1.0 ml lN H+300 and 100 ml distilled water. Parts A and B were autoclave separately and then combined aseptically. This was then inoculated with T ferrooxidans.
The average pH of the T.ferrooxidans medium at the start of the tests was 2.59 and the cell concentration was 105 to 1Oc/ml. 
RESULTS
Compressive Strength
Compressive strength of the concrete mixes was measured on capped cylinders 102 mm diameter and 204 mm long in accordance with ASTM C 39. The cylinders were cured in saturated lime water for 28 days prior to testing. Eight cylinders per mix were tested. The results are presented in Table3. Themean andstandard deviation are reported. 
Thickness
The results of the coating/mortar thickness tests are presented in Table 4 . 
Holiday Tests
The spark tests on the beams with epoxy coatings revealed that all were free from holidays except Amercoat 351. It was observed during application clf this coating that holidays were associated with small (< 1 mm diameter) air voids in the concrete substrate. Effort was made to cover these defects with the second coat. However, the second coating did not completely bridge the small holidays. All panels used in the T ferrooxidans exposure tests were holiday free.
Bond Strength
The results of the bond strength tests on MCIII concrete beams are given in Table 5 . The mean and standard deviation are reported. The failure locus was that occurred was observed and noted. For the uncoated beams 90-95% failure typically occurred in the concrete and the remainder in the epoxy adhesive. Masterseal GPcoated beams tended to display 60 to 95°/0 failure in the coating itself and the lbalance at the coating/adhesive interface. A significant proportion of failures in the beams coated with Amercoat 351 occurred at the epoxy adhesive/coating interface although some tests had partial failure within the concrete. Failure locus was more variable for the Amercoat 385-coated beams. I.Jsually, partial fracture of the concrete occurred, along with failure at the adhesive/coating interface. Bond strength tests on the Sikagard 62 coatings resulted in 40 to 90% of failure in concrete and the remainder at the adhesive/coating interface. Failure was usually 30 to 60% in the concrete substrate for the beams coated with Sikagard 75 EpoCem. Mortar and adhesive/mortar failure also occurred. The latexmodified mortar coated beams typically exhibited 30 to 700/0failure in the mortar and 70 to 30°/0at the adhesive/mortar interface. Figures 3 and 4 show the beams after bond strength tests.
Acid Resistance
The uncoated concrete beams exhibited deterioration within a few days when exposed to H2SOd This was manifested as surface dissolution and softening. Figure 5a shows the beams after testing and drying. In Figure 5b , taken after washing the dissolved products, etching of the concrete is evident and sand and coarse aggregate particles can be seen. The Masterseal GP coating changed color to reddish-brown and disbonded from the substrate after four weeks. Acid attack of the concrete occurred once the coating integrity was lost. Figure 5C shows the degraded coating and Figure 5d shows the acid etched concrete after the coating was washed off. The beams coated with latex-modified mortar displayed slight surface degradation after several weeks. The uhimate extent was not as severe as that suffered by the uncoated concrete and minimal etching occurred. Two of the sites on the Amercoat 385 coated beams had localized spots where penetration of acid occurred (Figure 6a ), This was evident after seven weeks of exposure. Soil white products exuded from the concrete substrate causing the coating to blister. The breaches in the coating correlated with brush strokes where the coating was thinner than other areas.. The best performing coatings were Amercoat 351 and Sikagard 62. Both coatings underwent slight discoloration. No blistering or softening were observed. Figures 6b and 6C show the coating, after exposure. The Sikagard 75 EpoCem mortar underwent acid attack to give slight etching of similar extent to that viewed for the latex-modified mortar. 
Resistance to T. Jerrooxidans
Considerable biofilm developed on the uncoated concrete panels in the immersed zone. When the film was washed off it was revealed that extensive etching of the concrete surface in the immersed zone had occurred to expose coarse and fine aggregate. Etching was also evident in the vapor zone and was less severe, Figure 7 shows the surface attack on the exposed[ concrete. The extent of etching was less than that which occurred on the uncoated beams exposecl to HzSO~with pH=l. The epoxy coated panels were free from any biotilm. TheAmercoat351 coating turned from grey to purple in the immersed zone and underwent slight lightening of colour in th~evapour zone. Small blisters, 1 to 2 mm in diameter, appeared in the immersed zone. Brown stains on the coating surface in the vapor zone were attributed to iron salts in the T.J?rrooxidans. One of the Amercoat 351 coated panels afier exposure is shown in Figure 8 . Sikagard 62 also had brown stains in the vapor zone. No blisters were observed for the Sikagard 62 coating. Figure 9 illustrates the coating at the conclusion of the Atlas cell test. The Amercoat 385 coating underwent slight lightening of colour in the immersed zone and brown stains in the vapour zone. No deterioration was observed and the coating is shown in Figure 10 , Masterseal GP underwent softening in both the vapour and immersed zones with the extent being greater in the latter. The coating could be removed with a scraper and was discolored in the immersed zone. The concrete substrate beneath the coating was attacked and the deterioration was similar to that observed in the early stages of the acid exposure tests. A biofilm grew on the Sikagard 75 EpoCem mortar in the immersed zone. Beneath the biofilm etching occurred and this was also evident to a lesser extent in the of etching was not as great as that observed for uncoated concrete. EpoCem tests were 3.38 and 4.00, respectively. This indicated some neutralization. Table 6 reports the bond strengths after exposure to T.ferrooxiduns.
The results of tests performed in unexposed areas on the same panels are also given. For each panel twc) measurements were made in the immersed zone, two in the vapour zone and four in the unexposed zone. Failure modes were similar to those observed in the adhesion tests on coated beams except for the 
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If it is assumed that the bond strengths are normally distributed then a Student's t test can be used to determine whether the mean bond strengths for the different exposure conditions are significantly different. A two-tailed t test was performed for each coating at a 5'% level of c{~m;~o.m--tn onrnm~v~tho hnnrl ctronmthc in tho ovnncd Qnrl showing a statistically significant reduction of bond strength was the immersed Masterseal GP. The Amercoat 385 and Sikagard 62 coatings had higher bond strengths in the vapour zones compared with the unexposed zones at the 5°/0significance level. However, the number of samples tested was small and it is not clear whether this was a real phenomenon. 
Ly GUIIG1 CLU W1lCI1 iiUC~Ud LCly VIUI dltXl LU ]JIUULKU ii UCIISC~IU(.lUUL. IIU WC VC1", the mix was not suitable for long-term use in environments where sulphur oxidizing bacteria exist unless protective coatings are applied. Selection of an appropriate coating is dependent on numerous factors including: project give enable comparisons between the different coatings and mortars to be lmade under the described test conditions. It is emphasized that laboratory conditions do not exactiy ciupiicate tiiose encountered in field exposure and this limitation must be considered.
The only coating exhibiting problems with holidays was Amercoat351 although the same problems may not necessarily be e~perienced when field applied. In any case, it is important that~i~~~v tectc he nm-fnrmd after anv rnatinu ic annlid and that nnnrnnriatp rmwirc alw madp hpfnre
Bond strengths between 1,4 and 2.1 MPa are generally considered acceptable for coatings on concrete and cohesive failure within the concrete substrate is prefen-ed to adhesive failure at the coating/concrete interface. The bond strengths of the tested coatings and mortars depended on the face of the concrete. This, in turn, is related to distribution of aggregate and cement paste. Lowest A --..,.,.,.
LGZi L1ll/~L1lG filllCl UUcll 351 coating was usually at the epoxy adhesive/coating interfiice., thus the bond strength between the coating and concrete is higher tihan the measured vaiues. Both of the mortars ciispiayed relatively high bond strengths.
The HZSOAexposure tests showed that Masterseal GP lacked durability under the conditions used. It is noted that this was a significantly thinner coating than the other tested materials. ferrooxidans. The latex-modified mortar is expected to have moderate resistance to T.ferrooxidans.
Other means of dealing with sulphur oxidizing bacteria include biocides and alteration of cooling water chemistry. The decision of which strategy to use depends on numerous factors including economics, effectiveness and convenience. One drawback of using coatings is the initial downtime for application, together with the need for periodic inspection and possible repair. rn~+;mne or mnrt~T-c +h~t~ro +nlornnt nfA~mn c,,ha+rcitoc Qro~rlx,~nt-~onllc. fnr
provided adequate performance can be retained. Latex-modified cement and Sikagm-d 75 EpoCem mortars can be appiieci to saturated surface dry substrates. However, the tested epoxy coatings had better resistance than the mortars in the laboratory tests. Emmons (1993) . In alllcases it is first .
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SVIW1lU1l of repair strategies and materials will be haphazard at best. Frequently, more than cme degradation process is operational.
A suitable condition survey involves visual inspection and documentation of defects, non-destructive testing and extraction of core samples for analysis of permeability, strength and physical and chemical properties (e.g., density, pH, microstructure, original water and tern-ent contents to give watedcement ratio. and slllnhate and Rlllnhnahlminate contents).
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required type of non-destructive testing will depend on the form of deterioration and may include ----.. 4,..4.
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tests and crack width monitoring. The environment to which the concrete is exposed should be evaiuated for aggressiveness (e.g., pH, hardness, Ci-and SOAz-" .. --,. Ions). 'W-hereMIL 1s suspected it is important to collect and analyze concrete samples for the presence of aggressive bacteria such as sulphur oxidizing, vitrifying, heterotrophic and slime formers. Microbiological analysis is discussed by Borenstein (1994) who points out that detection of certain bacteria does not necessarily imply that they are involved in corrosion.
Once the causes and extent of deterioration are identi~led, the next action is to consider whether repairs are needed within the intended remaining iife of the structure. M it is decided to proceed with repairs then the most appropriate method and materials must be selected. Successful rehabilitation of deteriorated concrete structures relies on proper surface preparation for the chosen repair material. For commercial materials, manufacturer's specifications should lbe followed for appropriate surface preparation, application procedure and curing time. Suitable specifications for materials mixed in-house, such as Portland cement mortar, are given by the U.S. Bureau of Reclamation (1996) .
Design details need to be considered before installing coatings. Particular attention should be given to joints and any existing cracks. Reflective cracking may occur if coatings are applied over dynamic cracks. Movement of cracks can be monitored with a crack gauge. Dynamic cracks should be repaired and treated as joints.
The steps involved in coating installation are listed below. Manufacturer's specifications should be followed with regard to type of surface preparation, storage conditiclns, application temperature, mixing and application methods, re-coat times and curing before service. Prepare concrete substrate by removal of all deteriorated and contaminated material and development of a suitable profile that will provide a sound mechanical bond. This is usually achieved by sand blasting, shot blasting or water jetting (hydroblasting). All applicable health, safety and environmental regulations should be followed during concrete repair and coating application.
Testing of coating quality is essential to ensure that all requirements are fulfilled. Coating thickness can be measured by several methods including wet film tests (ASTMD4414) or dry film tests performed non-destructively using an ultrasonic gauge. Holiday (or discontinuity) tests are covered in ASTM D 4787 and NACE RPO 188. Adequate curing of the coating can be assessed by hardness tests (ASTM D2583). Finally, bond strength should be measured in accordance with ASTM D 4541 (or ACI 503 R).
As with any other material, coatings should be inspected and maintained on a routine basis to maximize effective substrate protection and prevent the necessity for major repairs. Coatings should be evaluated for any indications of surface deterioration due to chemical or physical effects, cracking and disbandment. The cause of any damage should be determined at the same time so that problems can be addressed and remedied successfully.
FUTURE WORK
The coatings delineated in this year's project as having the best resistance to sulphur oxidizing bacteria will be tested to determine the resistance to other bacteria prevalent in geothermal cooling towers. Specifically, vitrifying and heterotrophic bacteria will be investigated. In addition, mortars based on calcium aluminate cement will be evaluated since these have been found to possess resistance to MIC associated with sulphur oxidizing bacteria by Sand et al. (1994) . This will be achieved through laboratory and field tests. Further Atlas cell tests will be performed using the same methodology as described in this work. Coatings and mortars will be monitored for biodegradation and reduction of adhesion. In the field tests coated panels will be exposed in representative areas of cooling towers that are at risk of MIC. After exposure the coatings and mortars will be analysed to assess durability and adhesion.
Resistance of silica fume-modified concrete to sulphur oxidizing bacteria will be examined for different cement replacement levels, curing conditions and initial degree of surface carbonation. Concrete specimens will be exposed to sulphur oxidizing bacteria and monitored for biodegradation in terms of physical and chemical changes such as surface softening, lea,ched calcium, microstructure and phase composition. From this it will be possible to predict the usefulness of silica fume as a supplementary cementing material for future cooling tower construction.
CONCLUSIONS
The tested epoxy coatings, epoxy sealant and mortars exhibited adequate bond strength to concrete substrates. The developed Atlas cell arrangement allowed comparison of resistance to one type of sulphur oxidizing bacteria, Z~errooxidans, at elevated temperature. Uncoated concrete, an epoxy sealant and an epoxy-modified cement mortar underwent deterioration to different degrees due to reaction with sulphuric acid produced by the bacteria. The tests revealed that the three epoxy coatings had the best performance. Bond strength of these coatings was not detrimentally affected by exposure to T. ferrooxidans for the test duration. These coatings will be subjected to further laborato~testing to determine resistance to other types of bi~cteria found in cooling towers in geothermal power plants and will be used in field tests to verifj suitability for protecting concrete from microbiologically influenced corrosion. 
